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I. INTRODUCTION
Plastic optical fiber (POF) is widely used for low-cost network systems, such as automotive network, high-end office network, home network, digital audio interface, IEEE 1394, and so on, because it has low-cost, highbandwidth, and electro-magnetic interference (EMI)-free characteristics. POF can also be easily aligned and quickly installed because of its large diameter (980-μm core), high connectivity, and high reliability, corresponding to cost reduction. A poly methyl metacrylate (PMMA) is one of the most popular materials for the POF due to its low-cost characteristic. As the process technology of PMMA POF has been advanced, wide-bandwidth POF up to 250 MHz is developed. Therefore POF becomes a superior alternative to copper used in traditional networks. These low-cost POF links strongly require low-power optoelectronics ICs. Recently, high-speed POF applications such as multi-media oriented systems transport (MOST) and IEEE 1394b above 150 Mb/s require low-voltage differential signaling (LVDS) as an electrical interface due to high-speed operation. Fig. 1 shows POF link system. It consists of digital framers, light emitting diode (LED) driver, resonantcavity (RC)-LED, PMMA POF, PIN photodiode (PD), pre amplifier, and post amplifier. In POF link, 650-nm visible red light is used because PMMA POF has low attenuation window around that wavelength. RC-LED and PIN PD are exploited as a light source and light detector, respectively. In this paper, we describe fiber optic transmitter (LED driver) and receiver (pre-and post-amplifier) for high-speed POF applications. Section II describes structure and detail description of fiber optic transmitter and receiver ICs. Measurement results are discussed in Section III, and a conclusion is given in Section IV. Fig. 2(a) shows the block diagram of the proposed fiber optic transmitter IC. The transmitter IC consists of LVDS receiver, pre driver, main driver, and loss of signal (LOS) detector. LVDS interface is used as an electrical I/O to meet the speed requirements of the POF links. Main driver should provide sufficient driving currents with high switching speed so that the RC-LED transmits sufficient light power to the receiver. Due to above reason, the pre driver is needed to compensate the large input capacitance of the main driver. To reduce the power consumption when there are no input signals, LOS detector is exploited. The output of LOS detector is logic high when there are no LVDS input signals, and it makes LVDS receiver, pre driver, and main driver power down. Fig. 2(b) shows the block diagram of the proposed fiber optic receiver IC. It consists of pre amplifier, post amplifier, LVDS driver, light detector, and signal detector. Pre amplifier converts output currents of PIN PD into voltage signal. Post amplifier amplifies the output of pre amplifier up to the desired swing levels. LVDS driver drives external 100 Ω termination for LVDS interface. Light detector perceives whether light comes into PIN PD or not. When there is no light, the output of light detector is low, and it makes pre amplifier into sleep mode. The detected light may have no information even though light is detected, that is to say light is not modulated. In this case, post amplifier and LVDS driver don't need to operate. If there is no information on light, the differential outputs of pre amplifier don't have a polarity, and the output of signal detector indicates logic low. The only time all building blocks power on is when incident light into PIN PD is more than reference power and signal polarity at the output of pre amplifier is simultaneously detected.
II. ARCHITECTURE AND DETAIL DESIGN

IC Architecture and Link Budget
The RC-LED requires about 20 mA of high driving currents to transmit about 0 dBm of light power. Unfortunately, the output power of the RC-LED can be varied according to external environments, such as temperature and aging. Conventional RC-LED has about -0.6%/ o C of a temperature coefficient for light power, corresponding to 2.34 dB of power variation in temperature ranges from -20 o C to 75 o C. Assuming similar level of variations due to an aging effect, ~4.7 dB of power degradation should be considered. PMMA POF used as a transmission medium has large signal loss about 200 dB/km (0.2 dB/m) at 650 nm wavelength and POF applications require 50 m of transmission distance, that is, 10dB of loss occurs [1] . An insertion loss of POF connector is also each 2 dB for both transmitter and receiver side. Link budget is summarized in Table 1 . Consequently, the minimum light power which makes a 250-Mb/s non-return-to-zero (NRZ) data, i.e. receiver sensitivity, is -18.7 dBm with PIN PD having 0.3 A/W of responsivity and 4pF of junction capacitance (C PD ). To provide robustness against uncertainty of the POF link and the ICs, the target sensitivity of the receiver is determined -21.6 dBm.
Transmitter Design Details
Fig . 3 shows the block diagram of LOS detector. If there is no LVDS input signal, the differential signals have same polarities. By adopting exclusive NOR function between differential signals, LOS detector can simply be implemented. In sleep mode, the transmitter IC only consumes 20 μW. Fig. 4 shows the self-biased LVDS receiver [2] . Switching transistors (MN1, MN2, MP1, and MP2) are controlled according to the LVDS inputs (INP and INM), and two tail currents (MN3 and MP3) are pushed or pulled through 100-Ω resistor. Symmetrical PMOS and NMOS transistors (MN4, MN5, MP4, and MP5) generate self-bias voltage of half supply.
Fig . 5 shows the conceptual schematic of pre driver. To drive large input transistors of the main driver, the pre driver should have large bandwidth and driving capacity. Therefore modified Cherry-Hooper amplifier using active feedback is used for the pre driver [3] . Fig 6 shows the main driver. LED has only spontaneous emission and needs about 20 mA of driving currents. LED only needs modulation currents (I MOD ), however, the main driver is designed to be able to drive both LED and VCSEL for system flexibility for various POF systems. In the case of VCSEL, bias current (threshold current) is needed for stimulated emission. I MOD can be externally controlled from 5 mA to 20 mA, and I BIAS can be changed from 0 mA to 15 mA. To drive the RC-LED, I BIAS should be 0 mA. Fig. 7(a) shows the block diagram of light detector. Light detector can be simply implemented by using a resistor and a comparator. If light is detected by PIN PD, In the receiver, the critical issue is the isolation of the inherent C PD from the 3-dB bandwidth determination. Regulated cascode pre amplifier having very small input impedance is efficient to isolate the C PD , however, this topology makes the noise performance degrade [4] . Therefore pre amplifier uses shunt feedback topology with two gain stages and DC-offset cancellation amplifier, as shown in Fig. 8(a) . The input impedance of pre amplifier is expressed to R F /(A + 1), where A is an open-loop voltage gain of the gain stages. And the input impedance determines frequency of input pole combined with the C PD . Therefore low input impedance is needed for high speed operation, that is, the open-loop voltage gain should be high. To meet this requirement, two gain stages are used and the open-loop gain is 18.5 dB. Each gain stage uses modified Cherry-Hooper topology with negative impedance compensation technique to enhance the bandwidth with high voltage gain, as shown in Fig.  8(b) [5] . In the cascaded gain stages, a stability problem may occur. To confirm the stability, pole analysis is conducted, as shown in Fig. 9 . All poles are located in the left half-plane, thus the pre amplifier is stable [6] . The feedback resistance, R F , determines a conversion gain of the pre amplifier. High R F makes a conversion gain be high and makes a bandwidth and an inputreferred noise be low. Also, the R F should be determined considering a required sensitivity and an input-dynamic range of the post amplifier. Designed post amplifier has 2 mV pp of input dynamic range and target sensitivity is -21.6 dBm corresponding to 2 μA of photodiode current with the PIN PD having 0.3 A/W of responsivity. Therefore the R F is set to be 1.12 kΩ corresponding to 60 dBΩ of pre-amplifier gain to meet the input dynamic range of the post amplifier. In post-layout simulation, a 3-dB bandwidth of the pre amplifier is designed to be 230 MHz with 4 pF of junction capacitance considering the trade-offs between the noise and the inter-symbol interference (ISI). The post amplifier consists of four identical voltage amplifiers which are same to gain stage of pre amplifier. For differential 400-mVpp fixed output swing against -21.6 dBm of light power, total conversion gain should be above 105 dBΩ. Therefore the post amplifier exhibit 45 dB of voltage gain and 320 MHz of 3-dB bandwidth in the post-layout simulation. The LVDS driver uses conventional differential commonsource pair to drive 100-Ω off-chip resistor and acts as an output buffer. The receiver chip only consumes 52.8 mW from a 3.3 V single supply.
Receiver Design Details
III. MEASUREMENT RESULTS
Chip Implementation
The 250-Mb/s fiber optic transmitter and receiver ICs for plastic optical fiber applications are implemented using a CMOS technology. Fig. 10 shows the chip photographs of the fiber optic transmitter and receiver ICs. Each IC occupies 0.85 mm × 0.73 mm of area including electrostatic discharge (ESD) protection diodes pads which can endure up to 2 kV. Total transmitter and receiver ICs consume 75.9 mW with 20-mA LED driving currents and 52.8 mW with 4-mA output driving currents at a single 3.3 V supply, respectively. Fig. 11 shows the microphotographs of the assembled ICs with optical devices on TOCAN-type package. They are connected by boding wire for prototype test. A pulse pattern generator (PPG) creates PRBS 2 31 -1 NRZ data for measurements. This data is converted into light data by the fiber optic transmitter. This 650 nm light signal is transmitted through 50-m PMMA POF. An optical attenuator is used for the receiver sensitivity measurement. Measured BER through full POF link as a function of the received light power is depicted in Fig. 13 . The receiver sensitivity is measured to -22.6 dBm for 10 -12 of BER. Measured receiver-output eye patterns according to the data rates are shown in Fig. 14 . The 50-Mb/s, 150-Mb/s, and 250-Mb/s eye patterns exhibit 1.244 ns, 0.711 ns, and 1.138 ns of peak-to-peak jitters, and appear 439 ps, 195 ps, and 251 ps of root-meansquare jitters. All the eye patterns are guaranteed to above 0.7-UI of eye opening. For AC response measurement, a two-port network analyzer is used. Measured S21 of the full POF link is depicted in Fig. 15 indicating 300 MHz of 3-dB bandwidth. In our postlayout simulation results, receiver bandwidth indicates 230 MHz and sensitivity is -21.6 dBm with the estimated parameters such as C PD , responsivity, POF loss, and so on. Consequently, the measured results exceed the postlayout simulation in terms of bandwidth and sensitivity. We concluded the C PD was over-estimated. Fig. 16 shows the turn-on delay from the sleep mode to the active mode indicating 453 ps of delay time. The measured results and performance comparisons are summarized in Table 2 and Table 3 . The transmitter and receiver have better performance in terms of power and area than the state-of- the-arts. Our receiver sensitivity is worse than the others due to the lower responsivity and higher BER requirements.
Measurement Setup and Results
IV. CONCLUSIONS
The 250-Mb/s fiber optic transmitter and receiver ICs for plastic optical fiber applications are implemented using a CMOS technology. By adopting LOS detector, light detector, and signal detector, total power consumption was reduced in the sleep mode. The transmitter and receiver can successfully transmit NRZ digital data up to 250 Mb/s through 50-m long low-cost POF with under 100 mW of low-power consumption. thesis, he investigated MBE-grown InGaAlAs laser diodes for fiber optic applications. From 1994 to 1995, he was a post-doctoral research fellow at NTT Opto-electronics Labs., where he worked on femto-second all-optical switching devices based on low-temperature-grown InGaAlAs quantum wells. In 1995, he joined the department of Electrical and Electronic Engineering, Yonsei University, Seoul, Korea, where he is presently a professor. His research interest is in the area of high-speed information processing technology that includes high-speed optoelectronics, high-speed electronic circuits and microwave photonics.
